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Recently, the complexity behind manipulations of reflected fields by metasurfaces has been ad-
dressed showing that, even in the simplest scenarios, non-local response and excitation of auxiliary
evanescent fields are required for perfect field control. Although these solutions theoretically allow
to reflect incident plane waves into any desired direction, actual implementations are difficult and,
in most cases, require extensive numerical optimization of the metamirror topology. In this work we
introduce purely local reflective metasurfaces for arbitrary manipulations of the power distribution
of reflected waves without excitation of any auxiliary evanescent fields. The reflected fields of such
local metamirror contain only the desired propagating waves. The method is based on the analysis
of the power flow distribution and the adaptation of the reflector shape to the desired distribution
of incident and reflected fields. As a result, we find that these power-conformal metamirrors can
be easily implemented with conventional passive unit cells. The results can be used for the design
of reflecting surfaces with multiple functionalities and for waves of different physical nature. In
this work we present the cases of anomalous reflection and beam splitting, both for acoustic and
electromagnetic waves.
INTRODUCTION
Metasurfaces, the two-dimensional versions of meta-
materials, have opened new possibilities to control scat-
tering of waves, with many applications in thin-sheet po-
larizers, beams splitters, beam steerers, lenses, and more
[1–3]. The interest in thin structures capable to control
and transform impinging waves increased after the for-
mulation of the generalized reflection and refraction law
(GSL) [4], which tells that by using small phase-shifting
elements it is possible to control the directions of reflected
and transmitted waves.
Among all possible scenarios where metasurfaces can
be applied, this work is focused on the analysis of re-
flective metasurfaces, so-called metamirrors. In this
context, the simplest non-trivial functionality is proba-
bly the anomalous reflection, which is the phenomenon
of plane-wave reflection in directions different from the
specular one. Anomalous reflection can be obtained by
using diffraction gratings (blazed gratings), where the en-
ergy scattered into each propagating Floquet harmonic
is carefully engineered [5–8]. The efficiency of these sys-
tems, defined as the percentage of the incident power
which is sent into the desired direction, can be high only
if there is not more than one or two unwanted propagat-
ing Floquet modes or in the retro-reflection case. Other-
wise, there is strong scattering into undesired directions
[9–14].
Metasurfaces, which allow subwavelength-scale control
of fields, have been proposed as an alternative to con-
ventional gratings, potentially offering full control over
the reflection directions. Despite the simplicity of this
problem, which has been extensively studied for electro-
magnetic [4, 15, 16] and acoustic [17–20] waves, it was
not until recently when the physics of this wave transfor-
mation by metasurfaces was properly understood [9–14].
In particular, it was shown that phase-gradient meta-
surfaces designed based on the generalized reflection law
[4] can have high efficiencies only if the deflection angle
does not exceed 40-45◦ [11, 14]. Furthermore, notwith-
standing much progress in the understanding of anoma-
lous reflective metasurfaces, known methods do not offer
means for realizing more general and complex distribu-
tions of fields, where the amplitude, phase and direction
of multiple reflected waves could be controlled. The next
step towards full engineering of wave reflection is the si-
multaneous control of two reflected waves. As it was
demonstrated in [21], flat beam splitting metasurfaces
also require strong non-local response and, consequently,
the use of heavy numerical optimizations is inevitable
during the design stage. Finding possibilities for control-
ling multiple reflected waves without parasitic reflections
using local metasurfaces can open new avenues for the
design of devices such as holograms or lenses.
To understand the difficulties related to control of re-
flections from metasurfaces, one can consider power flow
in the vicinity of anomalous reflectors. Here, multiple
propagating waves with different transverse wavenum-
bers coexist in one medium, and the interference be-
tween them results in inhomogeneous power-flow pro-
files, where the power flow vector crosses the metasur-
face plane. In other words, there will be regions where
power carried by the desired distribution of the incident
and reflected waves “enters” the metasurface and other
regions where it “emerges” from the surface. It means
that the metasurface requires periodically distributed
gain/lossy response [10] or strongly non-local behavior
[9, 11, 13]. It was shown theoretically that the non-local
properties, required for high-efficiency reflections into ar-
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2bitrary directions, can be in principle realized by excita-
tion of additional auxiliary evanescent fields [8, 12] or
carefully engineering the surface reactance profile [13].
The only known experimental realizations of non-local
anomalous reflectors are based on extensive numerical
optimizations [11, 14], because the intrinsically non-local
behavior of any meta-atom combined with the goal to en-
gineer the non-local properties of many interacting meta-
atoms complicates the implementation of all non-local
solutions. Furthermore, non-local metasurfaces can gen-
erate the required set of propagating waves (incident and
reflected) only at some distance from the metasurface
plane, where the evanescent fields, responsible for the
non-local properties, sufficiently decay.
Here we study possibilities to create metamirrors ca-
pable of reflecting waves into arbitrary directions with-
out parasitic scattering and without the need to excite
any evanescent fields close to the metasurface. In this
scenario, the fields in front of the metamirror are per-
fect combinations of the desired propagating plane waves
in the far zone as well as in the near vicinity of the
metasurface. Absence of evanescent fields in front of
the metamirror implies that the response is local and
that it is possible to design metamirrors using analytical
formulas, without any further numerical optimization of
complex non-local structures. We approach the prob-
lem by analysing the distributions of propagating power
flow in the desired set of plane waves, not restricting the
study to waves of a specific physical nature. Previouly,
analysis of the power flow distribution has been used for
studying surface-relief gratings [6], where the metallic (or
dielectric) shape of the grating can be designed for con-
trolling the energy scattered into a specific diffraction
mode. However, these solutions do not ensure exact ful-
filment of the boundary conditions on the surface. The
method proposed here allows us to design theoretically
perfect anomalous reflectors with rather general function-
alities. Illustrations are provided for anomalous reflectors
and beam splitters. The derivations are made for acous-
tic (the main text) and electromagnetic (Supplementary
Materials) scenarios.
RESULTS
Design methodology
In this section, we provide a systematic methodology
for the design of metamirrors. The approach comprises
four steps: (i) Definition of the fields for the desired func-
tionality satisfying the global power balance (all the inci-
dent energy is reflected by the metasurface); (ii) Analysis
of the power flow distribution and definition of the con-
formal surface; (iii) Surface impedance calculation; (iv)
Implementation with passive elements.
Anomalous reflective metamirror
We begin by considering the anomalous reflection sce-
nario where, requiring absence of any parasitic reflec-
tions, we define an incident sound plane wave and a re-
flected plane wave with the directions of propagation θi
and θr, respectively. Figure 1(a) shows a schematic rep-
resentation of the problem when θi = 0
◦. Pressure field
in this scenario can be expressed as
p(r) = p0
[
e−jki·r +Re−jkr·r
]
, (1)
where ki = k(sin θixˆ− cos θiyˆ), kr = k(sin θrxˆ+ cos θryˆ),
k = ω/c is the wave number in the medium, p0 is the
amplitude of the incident plane wave, and R = |R|ejφr
is the reflection coefficient. The components of the ve-
locity vector v(r) = vx(r)xˆ+ vy(r)yˆ associated with this
pressure field read
vx(r) =
p0
η0
[
sin θie
−jki·r +R sin θre−jkr·r
]
, (2)
vy(r) =
p0
η0
[− cos θie−jki·r +R cos θre−jkr·r] , (3)
with η0 = cρ being the characteristic impedance of the
medium. As it was demonstrated in [9, 10, 13], for en-
suring perfect conversion between the incident and the
reflected plane waves, avoiding scattering of energy into
any other direction, the amplitude of the reflection coef-
ficient has to satisfy |R| = √cos θi/ cos θr.
For proper understanding of the problem we need to
examine the intensity vector distribution. The x and y
components of the intensity vector can be written as
Ix = I0[A+ |R| (sin θi + sin θr) cos (∆k · r+ φr)], (4)
Iy = I0|R| (cos θr − cos θi) cos (∆k · r+ φr) , (5)
where A = sin θi + |R|2 sin θr, ∆k = k[(sin θi − sin θr)xˆ−
(cos θi+cos θr)yˆ], and I0 =
1
2
p20
η0
. The first term in Eq. (4)
can be interpreted as the contributions of the incident
and reflected plane waves. The second term describes
spatial modulations of the power flow due to interference
of these two waves. Equation (5) shows that there is a
periodically varying power flow in the normal direction
due to interference of the incident and reflected waves.
Figure 1(a) shows the distribution of the intensity vec-
tor when φr = 0, θi = 0
◦, and θr = 70◦. Detailed in-
spection reveals that for any horizontal line, for example
y = 0, where one can position a flat metamirror, the in-
tensity vector crosses the surface. This behavior can be
described in terms of a complex surface impedance [9, 13],
where the real part takes positive and negative values,
corresponding to “loss” or “gain” inside the metamirror.
It is worth noticing that the value of the reflection coeffi-
cient has been chosen for ensuring the overall power bal-
ance between the incident and reflected energies. Thus,
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FIG. 1. Anomalous reflective metamirror. The study is done for φr = 0, θi = 0
◦, and θr = 70◦. (a) Schematic
representation of the problem. (b) Distribution of the intensity vector dictated by Eqs. (4) and (5). The period of the
metasurface can be calculated as D = λ0/| sin θi − sin θr| where λ0 is the wavelength at the operation frequency. (c) The
normalized curve level function gn(x, y) = g(x, y)/I0. White lines represent the level curves, i.e., the curves parallel to the
intensity vector at every point. (d) Surface impedance. The corresponding level curve associated with this impedance is marked
with the dashed line in Fig. 1(b). Numerical simulation of the response of a power-conformal metasurface: (e) Metasurface
modeled as an inhomogeneous reactive boundary. The green line shows the boundary surface. (f) Actual implementation using
rigidly ended tubes. The red lines indicate surfaces modeled as hard boundaries.
loss and gain compensate each other when averaged over
the metasurface period. If the surface is passive and loss-
less, the periodical modulation of the energy crossing
the boundary can be possibly realized arranging some
channeling of energy along the metasurface plane, which
requires strongly non-local (spatially dispersive) proper-
ties.
Locally responding lossless metasurfaces can be real-
ized only if the real part of the surface impedance is zero,
which means that the power is allowed to flow only along
the surface without crossing the metasurface boundary.
This condition can be satisfied by defining a specific spa-
tial profile of the metasurface, which would be at all
points tangential to the power flow of the desired set of
the incident and reflected fields. In this case, energy is
not entering nor emerging from the metasurface. To find
such spatial profiles, we introduce a vector field which
is everywhere tangential to the power flow. First, we
define a vector perpendicular to the intensity vector as
N = −Iyxˆ+Ixyˆ. Then we define a scalar function g(x, y)
such that ∇g(x, y) = N. In the particular case of anoma-
lous reflection, g(x, y) reads
g(x, y) = I0 [Ay +B sin (∆k · r) + C] , (6)
where B = |R|k
cos θi−cos θr
sin θi−sin θr and C is a constant. Analysing
the spatial distribution of function g(x, y), we identify
the level curves of the function g(x, y), which can be de-
scribed as y = f(x). Figure 1(b) represents the function
g(x, y) and the curves at which it is constant for our ex-
ample of φr = 0, θi = 0
◦, and θr = 70◦. At any curve
given by Eq. (6) the power flow is tangential to this curve.
Thus, at these curves we can terminate the field domain
by a boundary modeled by a purely imaginary, reactive
input impedance.
To realize a perfectly reflecting metamirror, we se-
lect one of such curves and calculate the corresponding
impedance. In order to do that, we define the normal-
ized normal vector to such power-conformal metasurface
as nˆ = N/|N| [see inset plot in Fig. 1(d)]. In terms of
this vector, the surface impedance is defined as
Zs(x) =
p(x, yc)
−nˆ · v(x, yc) . (7)
This impedance is represented in Fig. 1(d), where we can
see that the real part is indeed identically zero, mean-
ing that a local and lossless design is possible. We have
numerically corroborated this finding using a numerical
simulation where the metasurface is modeled as a bound-
4ary impedance [22]. The results are reported in Fig. 1(e),
where the scattered pressure is plotted. The green line
shows the position of the impedance boundary which
models the metasurface. The efficiency of the design is
99%. It is important to mention that the maximum am-
plitude (defined as the distance between the maximun
and minimun position) of the contour modulation, t, is
small in terms of the wavelength.
Thanks to the local, passive and lossless nature of the
impedance represented in Fig. 1(d), we can easily de-
sign and realized a curved metamirror which provides
the desired response. As a proof of concept we use
the simplest phase-shifters, rigidly ended tubes. The
input impedance of each tube can be found as Zs,i =
−jη0 cot(kli) where li is the length of each tube. We
select the length of each tube according to Eq. (7), and
this completes the design. For the particular example
of an anomalous reflector for θi = 0
◦ and θr = 70◦,
Fig. 1(f) shows the scattered pressure of the final de-
sign implemented with terminated tubes. Red lines
show the tube walls modeled by hard boundary con-
ditions. Specifically, in each period we use 15 tubes
with the lengths 0.0524λ0, 0.0699λ0, 0.0874λ0, 0.0961λ0,
0.0349λ0, 0.4156λ0, 0.4068λ0, 0.4243λ0, 0.4418λ0,
0.4563λ0, 0.4738λ0, 0.4884λ0, 0.0029λ0, 0.0204λ0, and
0.0349λ0. The efficiency of the reflector 99%, without
any numerical optimization.
Such simple design based on analytical expressions
becomes possible because power-conformal metamirrors
do not need excitation and careful engineering of reac-
tive, evanescent fields in the vicinity of the metasurface.
Each small portion of the surface responds locally to the
fields at its location. It is important to mention that,
in order to reduce the overall thickness of the device,
any other phase shifter can potentially be used such
as labyrinth-cells [17, 20], without affecting the perfor-
mance. The same approach can be used as a systematic
design method for anomalous reflectors for any desired
incidence and reflection directions.
Beam splitting metamirror
The introduced method can be used for creation of
more complex field distributions and for other function-
alities. Here we provide an example of a metasurface ca-
pable of splitting waves coming from a certain direction
into two reflected waves, propagating along two different
desired directions. As it was shown in [21], this func-
tionality also requires non-local response or additional
evanescent fields. In this case, the pressure field can be
expressed as
p(r) = p0
[
e−jki·r +R1e−jkr1·r +R2e−jkr2·r
]
, (8)
where R1 = |R1|ejφ1 and R2 = |R2|ejφ2 represent the
relative complex amplitudes of the reflected waves. As
an example, we assume that the metasurface is illumi-
nated normally, θi = 0
◦, and the reflected beams are sent
into ±θr [see Fig. 2(a)]. In this case, the corresponding
wavenumbers read ki = kyˆ, kr1 = k(sin θrxˆ + cos θryˆ),
and kr2 = k(− sin θrxˆ+ cos θryˆ). This notation allows us
to model and design not only symmetric splitters where
the incident power is equally divided between the two re-
flected waves, but realize any other distribution of power
between the two waves which fulfills the power conser-
vation condition (|R1|2 + |R2|2) cos θr = 1. As it has
been shown in [9], flat metasurfaces for implementing
this functionality also require strong non-local response.
Our aim here is to find a local, passive, and lossless re-
alization by using a power-flow conformal metamirror.
Following the same approach as above, we need to find a
surface profile y = f(x) where the corresponding surface
impedance Zs is purely imaginary.
First we find a suitable surface which is tangential
to the power flow in the desired set of three plane
waves. In this case, the intensity distribution I(x, y) =
1
2 [Re(pv
∗
x)xˆ + Re(pv
∗
y)yˆ] depends on the reflection an-
gle θr and on the amplitudes of the reflected waves R1
and R2. As an example, we design a metamirror which
sends 70% and 30% of the incident power into ±70◦ and
φ1 = φ2 = 0. The corresponding amplitudes of the reflec-
tion coefficients are R1 = 1.43 and R2 = 0.94. The power
flow distribution for this case is represented in Fig. 2(b),
where we clearly see the intensity modulations produced
by interfering incident and reflected waves. The function
whose level curves will define the tangential contours to
the intensity vector can be expressed as
g(x, y) = I0G(x) + I0F (y)+
I0
cos θr − 1
k sin θr
[
R1 sin
(
∆k− · r)−R2 sin (∆k+ · r)] , (9)
where ∆k± = k[± sin θrxˆ − (1 + cos θr)yˆ] measures the
intensity modulation strength. The expressions for func-
tions G(x) and F (y) can be written as
F (y) = (R21 −R22) sin θry (10)
G(x) = [1− (R21 +R22) cos θr]x−
R1R2
k
cos θr
sin θr
sin(2kxx),
(11)
where kx = k sin θr. Function g(x, y) is plotted in
Fig. 2(c). Now we can define possible profiles of local
metamirrors, which are shown by white lines. Among all
the possible surfaces we chose the one marked with the
dashed line. We can see that the amplitude of the sur-
face modulation is larger than in the anomalous reflective
metamirror: t = 0.3λ. The impedance associated with
this curve is presented in Fig. 2(d).
Figure 2(e) shows the real part of the scattered field
obtained with numerical simulations where the metasur-
face is modeled as a reactive impedance boundary. The
5(a)
(b) (c)
0 0.2 0.4 0.6 0.8 1
-20
-10
0
10
20
(d)
(e) (f)
FIG. 2. Asymmetric beam splitter (70% and 30%). The analysis is done for φ1 = φ2 = 0, θi = 0
◦, and θr =
±70◦. (a) Schematic representation of the problem. (b) Distribution of the intensity. The period of the metasurface equals
D = λ0/| sin θi − sin θr|, where λ0 is the wavelength at the operation frequency. (c) The normalized curve level function
gn(x, y) = g(x, y)/I0. White lines represent the level curves, i.e the curves parallel to the intensity vector. (d) Surface impedance.
The corresponding level curve associated with this impedance is marked with the dashed line in Fig. 2(b). Numerical results
for the power-conformal metasurface: (e) Metasurface modeled as an impedance boundary. The green line shows the position
of the boundary. (f) Actual implementation using rigidly ended tubes. Red lines show tube walls modeled as hard boundaries.
field map shows the interface pattern of plane waves. The
amplitude of the reflection coefficients in this numerical
study are R1 = 1.43 and R2 = 0.92. This result is in
agreement with the design criteria. For the actual imple-
mentation we can use the same configuration where the
desired impedance is fulfilled by rigidly ended tubes of
different lengths. Figure 2(f) shows the results of a nu-
merical simulation of an actual structure which produces
the desired response. The two reflected waves carry 70%
and 29% of the incident power. As in any other metasur-
face design, discretization of the ideally continuous sur-
face is an important issue. We need to ensure that the
impedance profile is smoothly implemented by an array
of discrete phase-shifters. Small discrepancy is caused by
discretization of the ideally continuous surface.
Experimental verification
The theory is then verified with experiments. As a
proof-of-concept demonstration, we choose an acoustic
metamirror capable of reflecting normally incident acous-
tic waves into the 70◦ direction. The metamirror is com-
posed of 3D printed closed-end tubes, where the surface
geometry follows the conformal contour describing the
power flow direction, as illustrated in Fig. 1(f). The oper-
ational frequency is chosen to be 3000 Hz, and the width
of each tube is 8 mm, smaller than 0.1 λ.The length of a
period of the fabricated sample is 12 cm, with thickness
being 6.3 cm, around half of the operational wavelength.
A photo of one segment of the fabricated sambe with 3
period is shown Fig. 3(a). The final sample consists of
12 periods.
In the experimental verification, a spatially modulated
Gaussian beam is used for illuminating the sample (see
Methods for more details about the simulation and the
experimental beam generation). For obtaining the scat-
tered fields, two measurements are performed. First, the
sample is placed in the setup and the total field is ac-
quired, i.e. the sum of incident and scattered fields.
The incident field and parasitic scattering from the setup
are removed by subtracting the fields measured in the
absence of the sample. Left panels of Figs. 3(c) and
3(d) show the real part and magnitude of the scattered
fields by the metamirror when the width of the beam is
w0 = 40 cm. In this results we can clearly see that more
energy goes into the desired direction, however, there is
a residual amount of energy scattered into other direc-
tions. This imperfection is a consequence of the finite
width of the beam. It is important to notice that the
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FIG. 3. Experimental verification. (a) Schematic representation of the experimental setup and a photograph of the
fabricated sample. (b) Comparison between the normalized scattering of the anomalous reflective metamirror (experimental
and numerical) and a GSL design. (c-d) Analysis of the real part (c) and magnitude square (d) of the experimental pressure
field and the comparison with the numerical simulations.
sample has been designed for a plane wave to plane wave
transformation and it is not optimized the transformation
of beams, so for wider beams the metamirror efficiency
is higher. For a deeper analysis of this feature, one can
compare the performance of the metamirror when it is il-
luminated with different beams. Specifically, we compare
the response when the beam width is 40 and 60cm. The
efficiency is further analyzed by performing the Fourier
transform on the fields along the line exiting the metamir-
ror, and the results are shown Fig. 3(b). From this anal-
ysis, we can see that the energy scatterted into undesired
direction is dramatically reduced when the width of the
beam increases. For comparison purposes, the analysis
of a GSL-based metamirror implemented with the same
number of elements is also included. We can conclude
that the efficiency of the conformal metamirror is higher
than the corresponding conventional design.
The sample is secured in a 2D waveguide for field
mapping, the detailed experimental setup is described
in Methods. Figs. 3(c) and 3(d) show the simulated and
measured acoustic fields at 3000 Hz. Excellent agree-
ment can be observed and it can be seen clearly that
the reflected field contains mainly the 70◦ wave com-
ponent. The small discrepancies may be attributed to
non-perfect Gaussian beam generation, fabrication er-
rors, and inevitable dissipation loss. The Fourier anal-
ysis result is shown in Fig. 3(b) where we can confirm
the agreement with the simulations. In both simulations
and experiments, almost all of the energy is localized at
kx =
√
3/2k0, which is the desired direction of the out-
going wave. The measured efficiency of the metamirror
is 96.9%, which validates our approach (see Methods for
more details about this calculation).
DISCUSSION
In this paper, we have introduced a multi-physics de-
sign method for creation of acoustic or electromagnetic
metamirrors for general shaping of reflected waves. Ex-
amples of anomalous reflectors and beam splitters have
been provided. In contrast to known anomalous reflec-
tors, the proposed local, passive, and lossless structures
ensure theoretically perfect performance for arbitrary de-
flection angles, extending the range of accessible func-
tionalities of both diffraction gratings and phase-gradient
reflective metasurfaces. It is important to stress that
the introduced design approach does not need any nu-
merical optimizations, offering full physical insight into
complex reflection and diffraction phenomena and giving
a clear advantage in device design. Conformal metasur-
faces have been used to create cloaking devices, optical or
acoustic illusions, and lenses. In all these examples, con-
formal metasurfaces are thought to adapt to the shape of
scattering or reflecting bodies. Here we have proposed a
concept of conformal metasurfaces which adapt to the de-
7sired power distribution of the fields. Since this concept
is applicable in all scenarios where the gradient of the de-
sired field structure is continuous, it can be used to realize
various complex field transformations, such as focusing
or beam shaping. The experimental validation reported
in this work is the first implementation of an anomalous
reflective acoustic metamirror which overcomes the effi-
ciency limitations of GSL-based designs.
METHODS
Numerical simulations
The simulations were performed with the commer-
cial finite element analysis solver COMSOL Multi-
physics. The infinite systems are modeled by one pe-
riod using Floquet periodic conditions. The simulation
shown in Fig. 1(e) and Fig. 2(e) are calculated with
Impedance Boundaries and defining the values accord-
ing to impedances represented in Fig. 1(d) and Fig. 2(d).
The simulation of the proposed designs [see Fig. 1(f) and
Fig. 2(f) ] are calculated with Sound Hard Boundary con-
ditions. In these simulations, the illumination is a perfect
plane wave implemented with Background Pressure Field
domain condition.
For the simulations of the experiment, we use a finite
number of periods and Gaussian beam illumination. The
Gaussian beam propagating in y-direction is expressed as
pi = p0
w0
w(y)
e
−x2
w(y)2 e−jk
x2
2R(y) ejk(y−y0)e−jη(y), (12)
where p0 is the beam amplitude, w0 is the spot radius,
w(y) = w0
√
1 + (y−y0yR )
2 defines the spot size variation
as a function of the distance from the beam waist, yR =
piw20/λ is the Rayleigh range, R(y) = (y−y0)[1+( yRy−y0 )2])
is the curvature radius, and η(y) = arctan(y−y0yR ) is the
phase change close to the beam waist. The boundaries of
the metasurface are set as hard walls. The background
media is modelled as a semi-circle with radius 1.2 m
and Plane Wave Radiation conditions. The excitation
is implemented with Background Pressure Field domain
condition. The wall of the metasurface are modelled as
Sound Hard Boundary conditions.
Field mapping measurements
The samples under test were fabricated with fused de-
position modeling (FDM) 3D printing where the printed
material is acrylonitrile butadiene styrene (ABS) plastic
with density of 1180 kg/m3 and speed of sound 2700 m/s.
The walls are considered to be acoustically rigid since the
characteristic impedance of the material is much larger
than that of air. A loudspeaker array with 28 speak-
ers sends a Gaussian modulated beam normally to the
metasurface and the field is scanned using a moving mi-
crophone at a step of 2 cm. The acoustic field at each
spot is then calculated using Fourier Transform. The
reflected field is calculated by filtering out the incident
using 2D Fourier transform. The overall scanned area is
100 by 40 cm and the signal at each position is averaged
out of four measurements to reduce noise.
Measurement of the efficiency
The efficiency of the metasurface when the metal sur-
face is illuminated by a Gaussian beam cannot be ex-
tracted directly from the amplitude of the reflected beam.
Due to the multiple wavenumbers associated with the fi-
nite size beam this amplitude can be distorted. For an
accurate calculation of the efficiency, we use the Fourier
transform of the pressure fields along a line over the meta-
surface [see Figure 3(b)].
This analysis gives the amplitude of all the Fourier
components. However, for calculating the efficiency we
only use the amplitudes of the n = −1, 0, 1 harmonics
which correspond to the propagating waves at 70◦, 0◦,
and −70◦. The power carried by each component is cal-
culated as Pn = A
2
n cos θn where An is the amplitude of
the n-harmonic and θn defines the direction of propaga-
tion. Finally, the efficiency of the metasurface can be
calculated as
η =
P−1∑
n=−1,0,1 Pn
. (13)
It is important to notice that in this definition of the
efficiency the dissipation losses are not included.
ACKNOWLEDGEMENTS
This work was supported by the Academy of Fin-
land (projects 287894 and 309421) and by the Multidis-
ciplinary University Research Initiative grant from the
Office of Naval Research (N00014-13-1-0631).
[1] N. Yu and F. Capasso, Nature Materials 13, 139 (2014).
[2] S. B. Glybovski, S. A. Tretyakov, P. A. Belov, Y. S.
Kivshar, and C. R. Simovski, Physics Reports 634, 1
(2016).
[3] C. L. Holloway, E. F. Kuester, J. A. Gordon, J. O’Hara,
J. Booth, and D. R. Smith, IEEE Antennas and Propa-
gation Magazine 54, 10 (2012).
[4] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne,
F. Capasso, and Z. Gaburro, Science 334, 333 (2011).
[5] N. Bonod and J. Neauport, Advances in Optics and Pho-
tonics 8, 156 (2016).
8[6] E. Popov, L. Tsonev, and D. Maystre, Journal of Modern
Optics 37, 367 (1990).
[7] A. Kitt, J. P. Rolland, and N. Vamivakas, Optical Ma-
terials Express 5, 2895 (2015).
[8] Y. Ra’di, D. L. Sounas, and A. Alu, Physical Review
Letters 119, 067404 (2017).
[9] V. Asadchy, M. Albooyeh, S. Tcvetkova, A. Dı´az-Rubio,
Y. Ra’di, and S. Tretyakov, Physical Review B 94,
075142 (2016).
[10] N. M. Estakhri and A. Alu`, Physical Review X 6, 041008
(2016).
[11] A. Dı´az-Rubio, V. Asadchy, A. Elsakka, and
S. Tretyakov, Science Advances 3, e1602714 (2017).
[12] A. Epstein and G. V. Eleftheriades, Physical Review Let-
ters 117, 256103 (2016).
[13] A. Dı´az-Rubio and S. A. Tretyakov, Physical Review B
96, 125409 (2017).
[14] V. Asadchy, A. Wickberg, A. Dı´az-Rubio, and M. We-
gener, ACS Photonic 4, 1264 (2017).
[15] V. Asadchy, Y. Radi, J. Vehmas, and S. Tretyakov, Phys-
ical Review Letters 114, 095503 (2015).
[16] S. Sun, K.-Y. Yang, C.-M. Wang, T.-K. Juan, W. T.
Chen, C. Y. Liao, Q. He, S. Xiao, W.-T. Kung, G.-Y.
Guo, et al., Nano Letters 12, 6223 (2012).
[17] Y. Li, B. Liang, Z.-M. Gu, X.-Y. Zou, and J.-C. Cheng,
Scientific Reports 3, 2546 (2013).
[18] J. Zhao, B. Li, Z. Chen, and C.-W. Qiu, Scientific Re-
ports 3, 2537 (2013).
[19] K. Song, J. Kim, S. Hur, J.-H. Kwak, S.-H. Lee, and
T. Kim, Scientific Reports 6, 32300 (2016).
[20] W. Wang, Y. Xie, B.-I. Popa, and S. A. Cummer, Jour-
nal of Applied Physics 120, 195103 (2016).
[21] V. Asadchy, A. Dı´az-Rubio, A. Elsakka, M. Albooyeh,
and S. Tretyakov, Physical Review X 7, 031046 (2017).
[22] COMSOL, “Comsol multiphysics,”.
